PROBABILITY DISTANCE BASED COMPRESSION OF HIDDEN
MARKOV MODELS
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Abstract. Large-scale stochastic models are relevant in many different fields such as com-
putational biology, finance, social sciences, communication and traffic networks. In order to both
efficiently simulate and analyze such models and to understand the essential properties of the sys-
tem, it is desirable to have model reduction techniques that much reduce the dimensionality of the
model while at the same time preserving the system’s essential dynamical properties. In this paper,
a general model reduction technique for the class of discrete space and time Hidden Markov Models
is presented, thereby also including the more special class discrete Markov Chains. The method is
illustrated on some model applications.
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1. Introduction. Large-scale stochastic models arise in many quantitative sci-
ences, such as biophysics and physical chemistry [27, 28, 30], computational biology
[36, 37], computational finance [33, 16], web navigation modeling [47], traffic modeling
[26], and many others. In many cases of practical interest, the state space of mod-
els capturing the dynamics of the system at a faithful level of resolution is so large
that simulating or analyzing them is computationally challenging and understanding
their essential dynamical properties is a difficult task requiring significant expertise.
Therefore, it is essential to have automatic methods that are able to compute models
with a much reduced size while at the same time preserving the essential dynamical
properties.

Most research in stochastic model compression has focused on Markov chains
(MCs) because of their wide applicability and also because there is a well developed
theory for MCs. The central idea of MC compression is to aggregate states which
have similar dynamic characteristics. A well-known approach is based on the nearly
completely decomposable Markov chain (NCDMC) model, which can be characterized
by a transition matrix A € RV>*Y that takes the form

A=G+eH
where
Gy 0 - 0
0 Gop - 0
G = ) . )
0 0 - Gpn

Gy € RNoXN:i 'S~ N; = N and € is a small positive parameter. For systems of this
type, the states can be clustered into n groups such that there is strong interaction
within each group and weak interaction among the groups. Here, the clusters corre-
spond to metastable states of the system. It was demonstrated for many applications,
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such as parameter estimation [22], solution of steady state probability distribution [2]
and optimal control [1], that NCDMC based aggregated MCs can well approximate
the behavior of the original model if € is sufficient small. Several clustering approaches
have been proposed to find the nearly completely decomposable structure in general
transition matrices, such as lumping of rapidly-interconverting states [3, 43] and the
Perron-cluster cluster analysis (PCCA) algorithm [38], which was later extended to in-
clude fuzzy clustering of MC states [44, 10]. Another widely used compression method
was developed by Spears [41], which aggregates states having similar transition behav-
iors with respect to the remaining state space into a new state. For example, states 4
and j can be combined if the probabilities of transitions into states 4, j and from states
1,7 are both approximately equivalent. The transition probabilities into and out of
the new state are obtained from the transition probabilities between the aggregated
states and the remaining state space. It can be shown that if the aggregated states
consist of states that are sufficiently similar to each other, the compressed Markov
model satisfies

(A")e = (A)"

where the subscript ¢ denotes compression operator and A is the original transition
matrix. In a more general sense, the “lumpability” of MCs was discussed in [18, 9, 31],
where some necessary and sufficient conditions for an MC to be (approximately)
lumpable have been proposed. However, there is no practical algorithm which can
test the lumpability conditions efficiently.

Compared to MCs, the model compression for the more general class of hidden
Markov models (HMMs) is much less well understood as both state transition and
observation properties need to be considered. In a number of studies, HMM com-
pression was based on generalizing MC compression [21, 39, 11]. This is done by
clustering the hidden states according to the transition matrix as in MCs (often using
the NCDMC model) with an additional constraint that states belonging to the same
cluster should have similar observation probability distributions. White [45] proposed
a definition of lumpability and approximate lumpability of HMMs, but there is no
efficient procedure for testing this lumpability. A compression method specifically
designed for HMMs proposed in [20, 19] transforms the HMM to a certain class of
stochastic jump linear systems (JLS’s) and then uses balanced truncation of JLS’s
to reduce the size of the HMM. For this method, no additional assumptions about
the structure of the hidden chain is required. However, result of the compression
is a “black box” and does not provide a mapping which can relate the structure of
the compressed model to the structure of the original model. Finesso [13] analyzed
the Kullback-Leibler (KL) divergence rate between an arbitrary stationary stochastic
process and an HMM, and proposed a method to construct an optimally compressed
HMM with respect to the divergence rate based approximation criterion for a given
stationary stochastic process. However, this method involves an infinite dimensional
optimization problem. Although it can be solved using approximate techniques, the
computation complexity increases dramatically with the number of states, therefore
effectively limiting it to small-to-moderately sized stochastic models.

The objective of this paper is to propose a new compression method for HMMs
based on a probability distance measure. Recently, probability distances, which can
measure the difference between probability measures, have received increased inter-
est, because they allow one to decide whether the proposed stochastic model is a
satisfactory approximation to the real model [15]. In this paper, we derive an easily
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computable criterion for the HMM compression based on the total variation (TV)
distance [24] between the observation sequences of HMMs, and develop a smoothing
approximation based search strategy to optimize this criterion. In contrast to previous
approaches, the present compression method does not assume a specific structure of
the original model, such as NCDMC or similar transient behaviors [41, 40]. Moreover
the compressed model can be directly related to the structure of the original model
via a fuzzy partition [14].

Notation. Let R, R™ and R™*"™ denote the sets of real numbers, real n-vectors
and real m x n matrices, respectively. The cardinality of a set S is denoted by |S].
Given a matrix G = [g;;] € R™*", the 1-norm of G is defined by

(L1) IGlly = max} 19|
And for a vector g = (g1,---,9n),

(12) lal, =3 lsi

(1.3) lgll, =, /Zg?

The notation G > 0 stands for each element of G being nonnegative. 0 and 1 de-
note the column vectors of zeros and ones of appropriate size. Given a sequence
{z|t =0,1,2,...}, we denote the set {z;|k <t <1} by xp,;. Uniform distribution on
the set S is denoted as Us. And 1y,—,y is defined by

1L =y
44 1{9”_‘7’}_{ 0, z#y

2. Background.

2.1. Total variation distance for probability distributions. There are var-
ious possibilities to measure distances between probability distributions [15]. Here we
introduce the total variation (TV) distance. Suppose p, v are two probability distri-
butions on a space (2, the TV distance between u and v is defined by

(2.1) dry (p,v) = sup 1 (A) = v (4)]

For a finite state space Q = {1,...n}, this can be easily computed as:

(2:2) drv (u,v) = %Z | (6) = v (i)] = %



2.2. Hidden Markov models. HMMs are extensively described in many pub-
lications (e.g. [35, 34, 12]). We just state the HMM nomenclature used in this paper.
A HMM is a stochastic finite state machine, specified by a 5-tuple H = (S, 0, A, B, )
where

e S is the set of hidden states with cardinality N. We denote the individual
states as S = {1,..., N}, and the state at time ¢ as s;.

e O ={1,...,M} is the set of observations and the observation at time t is
denoted by oy.

o A= la;;] € RV*N is the state transition matrix with probabilities

aij = p(si41 = 1i|s¢ = j)
e B = [by;] € RM*N ig the observation probability matrix
br; = p(or = kl|s; = j)
e 7 = [m;] € RY is the probability distribution for the initial state
mi =p(so =1)

Remark 2.1. In this paper, we only consider the case that A and B are both
constant, i.e., the HMM is time-homogenous.

For a given HMM H = (S, O, A, B, 7), the probability distribution of all available
observations o1.7 up to time T is

T
plorr) =) (Hp (ot]se)p 5t|3t—1)>p(50)

50:T
T
(2.3) Z (H oy, s, sy 55— 1) Tsq
so:r \t=1

In practice, the above p (01.7) defined in (2.3) can be calculated through the forward-
backward procedure [34] as

(2.4) p(orr) = 1w, (H)
where
(2.5) Wo,,, (H)=P,, (A,B)... Py, (A,B)7

and Py (A, B) are observable operators defined as

b1
(2.6) Py (A, B) = A, 1<k<M
bin
Moreover, it is easy to verify that w,,,, (H) and Py (A, B) satisfy the following equa-
tions
p(se =1,01.)
(27) Wo, .4 (H) = :

p (St =N, 01:t)
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(2.8) > lwo, (M), =1

O1:t

and
(2.9) 1P (A, B)ll, =1
where

P, (A, B)
(2.10) P(A,B) = :

Py (A, B)

3. HMM Compression.

3.1. TV distance for HMMs. Based on the above definitions, the set of all
observations up to time ¢ generated by an HMM with observation set O can be
treated as a random variable on the space OF, and its probability distribution is given
by (2.4). Therefore, the similarity between two HMMs H' = (S',0, A, B!, «!)
and H? = (8%,0,A% B? 7?) with the same observation set can be measured by
calculating the distance between the distributions of o1.;|H* and o01.;|H? for different .
However, explicit evaluation of the full distributions 01;t|H1, 01;15|H2 is very expensive
for long ¢ and is not practical as a part of an optimization procedure. Therefore, we
instead consider the following function which can be computed quickly and can be
proved to provide an upper bound to the TV distance between two HMM outputs:

(3.1) Dry (H',H*,R) = ||P (A", B") R— (I, ® R) P (A%, B?) ||,

where R is a parameter matrix which satisfies 1TR = 1T, I}, € RM*M g the identity
matrix and ® denotes the Kronecker product. In our case, R will turn out to be the
compression operator which is explained in detail below. First, let us summarize a
number of important facts about Drpy () :

THEOREM 3.1. Let H' = (Sl,O,Al,Bl,wl) and H? = (SQ,O,AQ,BQ,WQ) be
two HMMs with |S'| = N* < |§?| = N%,|O| = M. Then Dry (H*,H* R) defined
in (3.1) satisfies the following properties:

1. For anyt > 1, we have

Z wa’l:t (Hl) — Ruw,,,, (HQ)Hl < Z Hwol:t—l (Hl) — Ruwo,,_, (HQ)H1

O1:t O1:t—1

(3.2) +Drv (H',H*,R)

where w,, (Hl) and W, (H2) are set to w* and 2.
2. The TV distance between 01;t|7'(1 and 01;t|7'(2 remains bounded as

2dry (01:4/H', 014 H?) < ||woy, (H') = Ruw,,., (H?)],

O1:t

(3.3) < ||#' = R=*|, + tDrv (H', H?*, R)
3. There exists a matriz R such that 1TR =17 and
(3.4) Dpv (H',H*,R) =0

if dry (o1:4|HY, 014|H?) =0 for any t > 1.
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Proof.

Part (1): According to (2.5), for a given observation sequence 0111,

Zme = Ruwoy, (M), = [|P (4%, BY) woy,,, (M)

(3.5) —(In ® R) P (A%, B*) w,,,_, (H?)]],

For simplicity, we denote P! = P (A', B'), w}! = =w,,, (H') and P? = P (A% B?),

wgm = W, ,, (H2). Then

ZHwolt_ Olt H‘Pl O1t 1 (IM@R)P2 glt 1 1
HPI Wor— 1_P1Rw01t 1+PRw01t1 (IM®R)P2 gltl 1
le Olt 1 _P Rwolt [
+|Prred, - e R PR,
HPlH ’ 01r 1 _Rwolr 11

(3.6) +PR= (o R P Jud,, |

By summing both sides of equation (3.6) with respect to 01.:—1 and using (2.8), (2.9),
we get

ZHw}?l:t - OltHl — Z ’

- T |P'R - (In ® R) P?||,

Olt 1 Olt 1
OL:t O1:t—1
(37) Z ‘ Olt 1 Olf 1 +DTV (HI,H2,R)
O1:t—1

Part (2): From (2.4) and TV distance definition (2.2) we have

2dTV (01;t|H1, 01;t|H2 Z |1Tw01 + — ].T’wo1 + (H2)|
O1:t
= ST 17 (wor, (H') = Ruy, (H?))]
O1:¢
(3.8) < Z | wor.. ( — Ruw,,,, (H?) Hl
O1:¢

Using the definition of w,,,, and summing relation (3.2) from 1 to ¢, we obtain

(3.9) > |[wo, (H') = Rws,, (H?)|, < ||=* = Ra*||, + tDrv (H', H?, R)

O1:¢

Part (3) is an immediate consequence of equivalence theorems for observable operator
models (OOMs) (see Propositions 14, 15 and 16 in [17]). O

This theorem shows that the operator Dpy (-) can be used to evaluate quantita-
tively the differences between dynamics of HMMs.
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3.2. Optimal compression model. Based on the function Dy we can now
develop a framework for compressing HMMs.

First of all, it is important to define what is meant by “perfect” compression.
Let HY = (8°,0, 4% B° %) be the original HMM and H® = (§8¢,0, A, B¢, 7°) be
the compressed model obtained by some compression algorithm where |S¢| = N¢ <
’SO} = NY and |O| = M. Since both H° and H generate observation sequences from
observation set O, the output of H¢ should have (nearly) the same distribution as
that of H°. In other words, perfect compression has occurred if

(3.10) dry (01:4|H®, 014/H®) =0, Vo, € Ot > 1

However, (3.10) cannot be satisfied in most cases for N¢ < N°. As an al-
ternative, we compress the original model through minimizing the upper bound of
dry (01:t|HC, 01:t|H0) presented in Theorem 3.1:

1 t
v (onalHe,00alH0) < 3 1 = B 4+ LDy (125,10, )
(3.11) = % <% |n* = R°n°|[, + Drv (H67H07R6)>

Note that the upper bound is a positive linear combination of Dpy (HC, HO, RC)
and the “initial TV distance” Hﬂ'c — RC7TO||1 /2, and the value of Dpy (Hc, HO, R) is
independent of 7¢. Considering that for a given (H¢, R),

|7 = Bex®||, + Drv (M1, BY) = Drv (K, 1, RY)

when t is sufficiently large, here a greedy strategy is adopted to optimize the com-
pression model. First, A¢, B¢, R¢ are obtained by minimizing Dpy (HC,HO,RC) ,
i.e.,

(A¢, B¢, R°) = argmin || P (A, B) R — (Ipy ® R) P (A°, B ||,

A,B,R
(3.12) subject to:
1TA=1T1"B=1" 1TR =17
A,B*=0

then the initial distribution 7€ is obtained by
m¢ = arg min Hw — Rconl
™

(3.13) subject to:
1Tr = 1,7 =0

In this paper, we denote the solutions of (3.12), (3.13) by
(H°,R°) = OCH (H°,N°).

Remark 3.2. Obviously the greedy strategy is a “suboptimal method” since the
optimization problems (3.12) and (3.13) are coupled via R°. But it is easy to show
that the solution (H¢, R°) = OCH (H°, N¢) also satisfies

(H®, R°) = abrgmin1 | — Rx°||, + Drv (H,H°, R)
HR 1
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with 7¢ = Rn¥ for any ¢t > 0 if R°7® = 0. More specifically, if R® > 0, which means
the dynamics of H" can be well compressed through a fuzzy partition on S° (see
Subsection 3.3), R°7® = 0 must hold.

Remark 3.3. An important issue for solving the compression problem is deter-
mining the value of N¢. One possible approach is to run the compression algorithm
many times with different N¢, and choose a best value according to a user-defined
criterion C (NC,DTV (HC,HO,RC)) (e.e. Dry (HC,HO,RC) + w,N¢ with w, > 0).
Certainly, N¢' > N implies that Dy (Hd,HO,Rd) < Dry (HC2,HO,R02), but
depending on the application there may be a tolerable upper bound to N¢. Here, we
do not address the problem of choosing the number of compressed hidden states in
this paper, and assume that N¢ is given.

3.3. Optimal compression based fuzzy partition. In contrast to typical
MC compression methods, the proposed optimal compression model does not involve
any explicit state aggregation. However we can infer a fuzzy partition over the set of
original hidden states from the optimal compression model.

Suppose the model compression has been performed well, then

(3.14) Dry (H*,H’,R°) ~ 0
and

(3.15) | = Rea®||, =0
From (3.3) we have

(3.16) Woy,, (M) = Rw,,,, (H°)

That is to say, the joint probability distribution of the hidden states and observations
in the compressed model can be approximated by

NO
(3.17) p(sf =1,01.4|H") ~ ZRE}P (59 = j,01.4|H°)
J=1

where Rf; denotes the element in the i-th row and j-th column of R¢, 9, ¢ are original
and compressed hidden states at time t.

On the other hand, if we define a fuzzy partition on S° by N¢ fuzzy sets Ay,
Ape with membership functions

(3.18) ma, () = iy

and a probability distribution on S°, the probability distribution of fuzzy sets and
observations can be expressed as [46, 14]

NU
(3.19) P (S? S /L', 01:t|H0) = Zﬂijp (S? =7 01:t|HO)

j=1

Comparing (3.17) and (3.19), we can conclude that R represents a fuzzy partition
on S with membership function

(3.20) m, () = R,

which plays a similar to the “almost characteristic functions” in robust PCCA [10],
and the dynamics of hidden states in H¢ is approximately equivalent to that of fuzzy
hidden states in +°, if R¢ > 0.



3.4. Compression algorithm. In the optimal compression model, it is easy
to convert (3.13) into a linear programming model problem that can be solved using
standard software packages. So we only discuss how to solve (3.12).

3.4.1. Smooth approximation. The main difficulty in solving the optimal
compression model (3.12) is that the objective function involves computation of ma-
trix 1-norm which is not differentiable. In this subsection, we will propose a smoothing
strategy to overcome this problem, that takes advantage of the “soft maximum” op-
erator [32]

(3.21) f5 @) —"Ylogiexp (%)

where z = (z1,...,7x) and v > 0 is the smoothing parameter. The function f3 (-) is
twice continuous differentiable and provides a good approximation of maxy x; with a
small v in the sense that [32]

(3.22) maxy, < fi() < max z, + ~vlogk

Replacing the maximum operation in (1.1) by f5 (-) (note that the absolute value
function |z| can also be written as max {z, —z}), we can approximate the matrix
l-norm as

(3.23) |IGll, ~ F3 (G) = vlogjzf;exp (i log (eXp (97) o (‘%)))

for G = [g;;] € R™*". It is easy to prove that
(3.24) ||G||1 < F»j (G) < HGH1 + 7 (logn +mlog2)

from (3.22).
Therefore, (3.12) can be approximately solved by minimizing the smooth objective
function

(3.25) D: (A,B,R) = F; (P(A,B)R— (I ® R) P (A°, B))

with a decreasing sequence of v. The sequential optimization algorithm is then de-
scribed as follows:

Let the numbers 3 € (0,1), 91 > 0 and a small enough number €; > 0 be given.
Step 1 Select an initial feasible solution (A(l), BW) R(l)). Set k =1.
Step 2 Perform a local search algorithm to compute

(Ak+D gt R+ = argmin Dz (A, B, R)

A,B,R
(3.26) subject to:
1TA=1T1"TB=1T 1TR =17
A,B*>=0
starting at (A(k) , B, R(k)).
Step 3 Terminate if
(3.27) Vi (log N + M N®log2) < e,
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Step 4 Let v,4+1 = B, and go to Step 2 with k replaced by k + 1.
Remark 3.4. In Step 3 the condition (3.27) guarantees that

|D3, (A, B, R) — Dry (H,H°, R)| < e,

Remark 3.5. In Step 2, the subproblem (3.26) is a smooth optimization problem
with linear constraints, and a variety of methods can be used to search the solution.
Here we select the projected gradient algorithm (PGA) proposed in [6] (see Appendix
A for details).

3.4.2. Heuristic search. Note that (3.12) is an optimization problem with
N°¢ (N ‘+M+ N 0) variables, and A, B and R are strongly coupled. The algorithm
in Subsection 3.4.1 might be inefficient and get stuck in local minima for large M
or N9 To avoid this problem, we propose a heuristic search strategy for finding a
good initial solution, which reduces the solution space and improves the global search
ability by utilizing the relationship between optimal compression models and fuzzy
partitions. It consists of the following steps:

Step 1 Suppose that R can be described by N¢ parametric fuzzy sets Ay, ... Ane
as

(3.28) Rij (6) = mg, (jl6)

where 6 is a parameter vector.
Step 2 Suppose the compressed model is approximately equivalent to the fuzzy par-
tition model, then A (9), B () can be calculated as

aij () ocp (St0+1 € Ay, s? € Aj/HO, 80 ~ ws,e)

(3.29) o Z T ag Rir, (0) Rji ()
ol

and
brj (0) < p (Ot = k,s? € Aj|HO, , S? ~ 7r5,9)

(3.30) o Y miby Ry ()
l

where 7° = [rf] denotes the stationary distribution of A%, A° = [a?;], B® =

ij
0, |
Step 3 Solve

(3.31) 0" = arg mein D: (A(0),B(9),R(9))

Step 4 Perform the algorithm in Subsection 3.4.1 to solve (3.12) with initial feasible
solution (AW, BW RMW) = (A(6%),B(0*), R (6%)).

Obviously, the size of problem (3.31) is much smaller than (3.12) since dim () =

O (N°) in most cases. Therefore we can often find a suboptimal but satisfactory

compression model quickly by solving (3.31).
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Remark 3.6. R(6) in Step 1 can be defined according to the actual situation of
HO. For example, assume that each element of SY can be associated with a coordinate
in R"#5 we can define R (0) by the following fuzzy partition model [4]:

Rij (6) =mj (j]0) = o = =,
‘ S [z — 2

where 27 denotes the coordinate of the j-th element of S°, 2% is the center of i-th
fuzzy set of the fuzzy partition, and 6 = (zl, ceey zNC).

Remark 3.7. w° in Step 3 is just a weight vector for the fuzzy combination, which
can be replaced with some other vector as needed. For example, we can set [29)

1 T
7T,L-S = Tlgl;o TE [; 1{5t_7:}‘|

if A° has multiple stationary distributions.

Remark 3.8. In this paper, (3.31) is solved by the estimation of distribution
algorithm (EDA), which is a global optimization algorithm and whose effectiveness
have been evaluated by many works [23]. See Appendix B for details.

(3.32)

(3.33)

4. Numerical Experiments. In this section, the proposed compression pro-
posed in this paper will be applied to three examples of HMM models. The algorithm
parameters are chosen as

B=05v=1¢€=10"*pupc =0.1,7pg = 1,epc = 1075,
P, = 500, P,e = 250, Kmax = 4000

4.1. Quasi-lumpable model. Consider an HMM H" with N° =7 and M = 2
characterized by

* 0 04+e¢ 02 0 0 O
0 * 0 02 04 0 0
04+e 0 * 0 0 04 O
(4.1) A% = 04 04 0 x 0 02 04
0 04 0 0 % 0 02
0 0 04+e¢ 00 04 = 0
0 0 0 04 0 0 =«
(4.2) po_ |08 08+€ 05 05-€ 05+€ 03 03+

* * * * * * *

and 79 equals to the stationary distribution of A%, where elements * make each column
of matrices sum up to 1. In this example, the transition matrix A° is e-quasi-lumpable
with respect to the partition P = {51, S2, S5} = {{1,2},{3,4,5},{6,7}} (see Section
6.1 in [31] for details), and it is easy to verify that H° is a lumpable HMM if € = 0
according to the lumpability condition proposed in [45].

Here we let € = 0.01, N¢ = 3, and apply the proposed compression method with
the parametric fuzzy partition model in heuristic search procedure defined by

‘Rm‘

Zk:l ‘Rk,j‘

Rij (0) =myg, (j10) =

11



—*—Heuristic Initialization l
—-Random Initialization

0 2 a 6 8 10 12
—log()
F1c. 4.1. Optimization results of the smooth approzimate problem (3.26) for different vy, where
D) — Dty (H(k),HO,R(k)) and (H(k),R(k)) denotes the solution of the approximate model with

TV =
smoothing parameter .

and 6 = (RM, RLQ, ey RNC7N0 . For the sake of comparison, we also perform the

smooth approximation based optimization algorithm starting with a random initial
solution. Fig. 4.1 plots the optimization results under different initialization schemes.
As observed from the figure, the randomly generated initial solution leads to the
algorithm getting stuck in a local optimum. It shows that the sequential optimization
algorithm proposed in Subsection 3.4.1 is sensitive to initial conditions as a local search
algorithm, and some global method (e.g. the heuristic search algorithm presented in
this paper) is needed to provide a satisfactory initial solution.
The obtained optimal compression results are given by

0.9667 0.9540 0.0045 0.0172 0.0123 0.0138 0.0010
(44) R°=| 0.0223 0.0387 0.9800 0.9602 0.9572 0.0193 0.0216
0.0110 0.0073 0.0155 0.0226 0.0305 0.9670 0.9774

0.1951 0.4071 0.0000 ]
(4.5) A°= | 0.8049 0.1912 0.5962
0.0000 0.4017 0.4038 |

0.7948 0.4983 0.3091 |
0.2052 0.5017 0.6909 |

(4.6) B® = [

Obviously, the fuzzy partition {fll, Ay, /13} defined by R° is consistent with the par-

tition P. We generate an observation sequence o1.r randomly by H® with T' = 1000,
and apply both H® and H® to calculating the likelihood p (01.;) and the conditional
distribution of hidden state p (s¢|o1.¢) for different ¢. Fig. 4.2 shows the relative error
between log p (01.:|H°) and logp (01;t|H0), where

‘logp (01:4|H®) — logp (01:t|HO) |
log p (01:4|H°)|

(4.7) Ey =

We also compare the distribution p (s§|o1.¢, H®) with p (sgJ € /L-|01;t, HO) by the dis-
12



100 200 300 400 500 600 700 800 900 1000
t

F1G. 4.2. Relative error of logp (01:¢) estimated by H€

tance
1 N¢© NO
(4.8) By =5 [p(sf =ilove, M) = > Rip (st = jlors, 1)
i=1 j=1

The mean value of E,, is 4.3044 x 1073 and the variance is 5.4864 x 107% in this
simulation. It can be seen that p (01.¢[H¢) provides a good estimate of p (Olzt |H0), and
the conditional distribution of hidden states s{ for given 01.; remains approximately
equal to the conditional distribution of fuzzy partitions of the original hidden states.

4.2. Metastable model. In this example a metastable HMM H° with 289
states is investigated, where
(4.9) S ={(z,y)|r = -2+ 0.25i,y = —1.54+0.255,i,5 = 0,...,16}

is a grid space,

P (zes1, yegrlee, ye, HO) =

(4.10) min{I’CXP(Y]\(;:E;%%:)Y_(?“’yt“))}7 (Teg1, Y1) € No (@6, y0) \{ (w6, 9¢) }

0, (@e41,Ye+1) & No (@6, 1)

defines the transition matrix based on the potential function

Viey) =3exp (=@ —1° = - 1/3°) = 3exp (- (@ =1 = (y = 5/3)%)
(4.11) —5exp (— (x —1)? —y2) — 3exp (— (z +6/5) —y2)
which is shown in Fig. 4.3,
(4.12) Ny (z,y) = {(z",y) [ |2" — 2| + |y — y| < 0.25,(«',/) € §°}
denotes the neighbors of state (z,y), and the output is defined by

(4.13) p(ot|e, yi) = { g :L iig ;j: Zz _ ;

The stochastic process (z1.¢,y1.+) has three metastable states centered at (—1.75,0),
(1,1.75) and (1, —0.25).
13



Fia. 4.3. Potential function V (z,y)
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Fia. 4.4. Values of elements of R® (N© =2)

We apply the proposed compression method to H with 6 = (2!, y*, ..

9

I‘NC , yNC)
and parametric fuzzy sets {Al, . ,ANC} defined as in Remark 3.6 with coordinates

{(z,y)}, and let Ho = OCH (H°,2) , Hs = OCH (H",3). Figs. 4.4 and 4.5 show R°
with N¢ = 2 and 3. It can be observed that our method identify the three metastable
states successfully when N¢ = 3. For N¢ = 2, the metastable states at right side are
lumped since they have similar observation probabilities. Figs. 4.6 and 4.7 display
the errors of Hy and Hs for a o1.7 generated by H°. It is not surprised that the Ey
of H3 is smaller than o because it can capture the dynamics of H° more accurately.
However, E,, of Hs is larger Ha, because it is difficult for Hs to distinguish the right
two metastable states in the case that only the observations o01.; are known.

4.3. Traffic model. In this example, we investigate a grid based cellular au-
tomaton traffic model [5] of an agent moving in a building as shown in Fig. 4.8, which
is similar to the traffic model used in [26]. At each time ¢, the position of the agent
is denoted by (z¢,y:), i.e., the agent is located in a grid with row z; and column ;.
If the agent is on a position (x¢,y;) with a sensor, the agent will be detected with
probability 0.9 and report the corridor number. However, the receiver does not know
which exact sensor sends the information. The agent movement is Markovian and the
detailed dynamics are given in Appendix C.

The objective of this experiment is to estimate which corridor the agent is in at any

14
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Fic. 4.5. Values of elements of R® (N¢ =3)
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time based on the past sensor information. According to [25] and [26], the estimation
can be performed based on amodel H = (S, 0, A, B, w) with O = {03, 03, 03, 0§, 05, 05 }
and

(4.14) 0§, agent is in Corridor ¢ and not detected

or — { of, agent is detected by a sensor in Corridor %

. =

7

Here S only contains the states in the building, thus the exit state is excluded from
S, and H is similar to an HMM except that 1TA # 17 and 1T — 1TA = 0, which
means that the sequences of s; and o; are finite and stop when the agent would hit
the exit state (i.e. with probability 1 — >, a;; at time ¢ + 1 if s, is the j-th state of
S).

15
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F1a. 4.8. Grid layout of traffic model where gray squares are obstacles, the black square is the
exit, o are the sensor positions, X indicates the start area, the heavy black lines mark the divisions
between the corridors. The agent moves from a random starting square with a random walk until it

finds the exit.

Remark 4.1. Actually, the observations of, 05, 0§ can not be distinguished by the
sensor information. The sensor observation value is o, € {0, 0§, 05, 0°}, where o} = o°
if no sensor detects the agent.

Let ¢; be the number of the corridor where the agent is located at time t. By
using H to approximate the distribution of 01.;, we can calculate the Bayesian estimate
p (ct|0}.;) online as follows

o If 0} = 0°,

p(edoly) = > p(silol,) p(cils, of.y)
S1tES

= ZP(3t|011:t)P(Ct|3t,0§)

S1tES

(4.15) =" p(silol) p (0 ]st)

2 P (@l
where p (s¢]0].;) can be calculated recursively by

(4.16) p(selol) o< Y p(oflse)p (selsi-1)p (se-1]0h.s— 1)
st_1€S
16



C 3 C
and p (0°[st) = >_i_y p (0f]s1)-
o If 0} =03,
1, the agent is in Corridor ¢
@i st ={ s t

And the estimate of ¢; can be set as ¢ = argmax p (¢; = i|0).,).
i

Clearly, the most accurate model is the “full order” model H° = (SO, 0,A° B, wo)
where SY is the reachable grid set and the elements of A% B° 70 are identical to the
true probability values of the original traffic model. However, it was found [25, 26]
that “reduced order” models H¢ = (8¢, O, A¢, B¢, 7¢) obtained by compressing H" can
also be used in order to save storage space and computation time. We now discuss
how to obtain a compressed H® with the method proposed in this paper. Considering
the sequences of states and observations are both finite for H, we firstly introduce a
“null state” s, and “null observation” o,. and let

(Et,ét) = (St,Ot), t< L
(4.18) { (51.60) = (s0,00), 12 L
where L is the time at which state and observation sequences stop. Then H can be
translated into an equivalent augmented HMM H = (8, 0,A, B, 7?) with § = SU{s, },

O =0U{o,},

- A 0 = B 0
19 a[4 0] 8-[8 0]
and 7T = (7TT, O)T, where elements * make each column of matrices sum up to 1. It
is easy to show that

(420) p (61:t|7:() =D (Ol:min{L—l,t}|H)
and for two models H! and H?,
(4.21) dry (614/H", 01.¢|H?) = drv (01:min{r—1,64|H", 01:min{r 1,3/ H?)

where L is also a random number and {Ol:min{ L—1,t}} means all the possible obser-
vation sequences up to time ¢ (including the sequences that stop by time ¢ ). Hence
our proposed method can be applied to compressing H° = (8%, 0%, A° B° 7°) and
optimizing H® = (S’C, 0¢°, A¢, B®, 7‘1"3) with the extra linear constraints shown in (4.19).

Remark 4.2. Because the stationary distribution of the transition matrix A° is
m = (0,...,0, 1)T, we replace 7° with the pseudo-stationary distribution #° = [7{]
in Step 2 of the heuristic search, where

(4.22) 7} o< E[Number of times (2, y:) = i-th grid position until time L]

The calculation approach of #% can be seen in [25].

We apply our compression method to the traffic model and the definition of para-
metric fuzzy sets in heuristic search is the same as in Subsection 4.2 with |S¢| = 4. For
comparison, we also compress H° using the spectral clustering and entropy methods
proposed in [25, 26]. These two methods are in fact MC compression methods, which
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Fic. 4.9. Depictions of state aggregations found by the three different compression methods.
FEqual signs refer to assignment to the same aggregate state. The empty squares are unreachable
from the start area and thus not part of the compressed state space.

reduce the size of H° through state aggregation only according to A°. Fig. 4.9 shows
the state aggregation results obtained by the three methods, where Re = [Rfj} and

A~

(4.23) Rf; =1 T——

In addition, we generate 1000 trajectories of the agent, and use the full model and
compressed models to get estimates of ¢;. Table 4.1 summarizes the estimation per-
formance of the models, where

L—1
1
(4.24) ER = —— Z (1= 1g5—cy)
t=1

is the error rate. Fig. 4.10 plots the trajectory generated from a single run and
Fig. 4.11 displays corresponding the posterior probabilities of the corridors at each
time, where 6 (t) = 1{c,—i}- As observed from the table and figures, in comparison
with the MC compression based methods, our approach takes into account the influ-
ence of spatial distribution of sensors and corridors when compressing, and estimates
the value of ¢; more accurately.

5. Conclusions. We have presented a computationally efficient approach to op-
timally compress HMMs. Optimality is defined in terms of the similarity between
the outputs of the original and the compressed model. The optimization procedure

18



Estimation results.
independent simulations.

TABLE 4.1
This table shows the mean and variance of the ER calculated over 1000

full model | our method | spectral method | entropy method
mean of ER 0.1489 0.2121 0.5276 0.3581
variance of ER 0.0144 0.0292 0.0633 0.0403
Fic. 4.10. A sample trajectory of the agent
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Fic. 4.11. Estimated p (ct|o’1:t) for different ct.
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does not evaluate these outputs explicitly, but rather minimizes a function which is
an upper bound to the distance between the output distributions. This makes the
presented approach efficient and permits applications that require large-scale stochas-
tic models. The method is straightforwardly applicable to normal MC compression if
the output probabilities are taken to be unit vectors.

The main result of the method is the fuzzy association matrix R which assigns
the states in the large original state space to the small state space in a probabilis-
tic way and is therefore a more general result compared to stochastic compression
methods that assign states in a crisp way (i.e. lumping). Based on R a lumping
can subsequently be performed by assigning each state of the original state space to
the state of the compressed state space it belongs to most. Such a procedure will
reduce the quality of the compressed model compared to the fuzzy compression, but
is more easily interpreted and its error can be evaluated a posteriori by comparing
the output distributions of the original and the lumped model. This is most easily
done by evaluating the upper bound suggested in this paper.

Stochastic compression of HMMs will be useful for a wide variety of applications
in different fields of the quantitative sciences. The following are examples of some
possible applications:

1. MC compression: The method is straightforwardly applicable to normal
MC compression if the output probabilities are taken to be unit vectors.

2. Compression of molecular dynamics in terms of experimental ob-
servables: The HMM compression method is an extension of MC compres-
sion in the sense that the property of observations are accounted for. As in
the toy example of Subsection 4.2, two metastable states can be merged when
they have similar observation probabilities. Therefore, our method can be ap-
plied to Markov models of molecular dynamics derived from simulations [28]
with an observation probability distribution that mimics the observable of an
experiment. In this way, effective models of MD as they appear to the ex-
perimental observer, can be computed. Subsequently, the essential stationary
and dynamical features of the output sequence observed in the experiment
can be interpreted in terms of the simulated structures that are encoded in
the uncompressed state space of the original HMM.

3. Reduced order estimation in signal processing: This problem arises
in many engineering fields, especially positioning, navigation and tracking.
In these areas, the large size of original target movement model will cause
difficulty for real-time estimation. The example of Subsection 4.3 shows that
the proposed compression method has an application potential for reduced
order estimator design.

But for the practical application of our methods, two problems still require inves-
tigation in the future. First, the HMMs are inferred from statistical data in many
practical cases, so the influence of the original model error on compression result
requires further study. Second, practical large-scale problems need a more efficient
algorithm, which will be designed based on further analyzing the objective function
of compressed model optimization.

Appendix A. Projected gradient algorithm.

Here we describe the PGA used in this paper so that it is self-contained (see
[6, 42] for more details).
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The optimization problem (3.26) can be formulated as

min f(x)
(A1) subject to:
T EE

where the vector € RN (N“+M+N) consists of elements of A, B, R, and = denotes
the feasible set defined by the linear constraints in (3.26). The PGA is similar to
the gradient descent algorithms for unconstrained optimization except that the PGA
utilize the projection P=,

(A2) Pz (z) = argmin [ly — x|,
ye=

to make the solution feasible at each iteration.

The algorithm with initial solution z(?) can be stated as follows:

Let the numbers upg € (0,1), ype > 0 and a small enough number epg > 0 be
given.
Step 1 Let ag =1 and k= 1.
Step 2 Compute the least nonnegative integer [ such that oy, = 4~! max {2ax_1,vpc}

satisfies

£ (= @) <. (599) + s (o) () 27 (50

where 2(®) (ay,) = Pz (2% — ;. V f (27)). Set 2k+D) = () (ay).
Step 3 Terminate if Hx(’”l) — () H2 < epg, otherwise let k£ := k+ 1 and go to Step
2.

Appendix B. Estimation of distribution algorithm.
For an optimization problem max,eg» f (), the EDA can be summarized by the
following algorithm:
Step 1 Randomly generate P, feasible solutions Dy = {xl’o, . ,xPP’O}. Let k= 1.
Step 2 Select P, best solutions ’D;f_l = {yl’k, .. ,yPS’k} from Dy,_1.
Step 3 Estimate an n-dimensional probability density function (pdf) pZ (z) based
on D;f_l.
Step 4 Sample P, new solutions Dy, = {xl’k, - ,xPP’k} from p¥ (z).
Step 5 Return the best solution found so far if & = K., otherwise let k := k + 1
and go to Step 2.
The main issue of implementing the EDA is how to estimate the accurate distribution
that can capture the structure of the selected solutions in Step 3. Here we assume
that p¥ (z) can be factorized according to

n
P (x) = [[ o (zilvi, 07)
=1

where pys (~|1/, 02) denotes the pdf of the normal distribution with mean v and variance

o?, and parameters {v;,07} can be estimated by the maximum likelihood method [7].

Appendix C. Agent movement model.
Let

(C.1) Ny (z,y) = {(",y) ||« — | + |y =yl < 1}
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be the neighbor set of grid (x,y), and G = (V, ) be a graph model with vertex set
(C.2) V = {(x,y)|(x,y) is not an obstacle grid}

and edge set

(C3) &={((zy), " y)[(,y) € Ny(z,9) \{(z,9)}, (", ¢), (z,y) € V}

From time ¢ to ¢ + 1,

0.2
C.4 , — (Itvyt>a U <
( ) (Tt41,Ye41) { (%H’yéﬂ) . > 0.8

where id Uo,1), i-¢., the agent will stay in the same grid with probability 0.2. The
probability model of (x},,¥;,,) consists of the following two parts:
e Movement toward the exit:

("E;&u ytlﬁ) | (xta yt) ~U arg min V(z,y)
(z,y) ENy (w¢,y¢)

where V' (z,y) is the distance of the shortest path from (z,y) to the exit in
the graph G under the assumption that the weight of each edge is 1, and can
be calculated by the Dijkstra algorithm [8].

e Noise:

! ! ! A ! ! ! !
(‘rt+1a yt+1) | (g, yp, T, yt) ~ p (It+1a yt+1|fl3ta ytv'rtvyt)

where

[\

, , , , 9 (‘r{‘.+17y115+1) = (Ié,yi)
p ($t+17yt+1|xt7yta L, yt) X 15 (‘r;—i-lvyz/f—i-l) € NO\ {('rf‘,vy;)}
otherwise

=)

3

and

No = {(z,y) | (x — xp) (x; —2) + (y — 1) (y; — ye) = 0}
m]Vb (x;hyzlﬁ) ny

In other words, the agent tries to move along the direct path towards, but is disturbed
by some noise which causes it to make random side-steps.
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